The combustion behavior and gaseous emissions of wheat dust pellet at various operating parameters such as air temperature, pellet size, and air velocity are evaluated to achieve a better combustion performance. The results showed that as air temperature and air velocity increase as well as pellet size decreases, ignition time, char time, time to reach maximum temperature decreases and total combustion rate increases. It was concluded from the results that, a hexagonal pellet is the best shape for combustion under the investigated conditions and parameters due to its lowest ignition temperature, lowest surface temperature, shortest ignition time, and longest time required for combustion. CO2 content reaches its maximum value at air temperature 400 0 C for all pellets. The maximum CO concentration occurs at the highest diameter of the pellet. The combustion efficiency ranged between 99% to 100%. The wheat dust pellet has a medium slagging tendency (slagging index=0.72) and a relatively high fouling inclination (fouling index=1.88). The activation energy of a wheat dust pellet and a binder is 102.05 and 109.62kJmol -1 , respectively, using TG data and kinetics model. The ignition time, the maximum combustion rate time and the burnt temperature of epoxy 1092 are lower than that of the pellet.
INTRODUCTION
Compared with other fossil fuels, biomass is a fuel that can produce a noticeable decrease in net carbon emissions production as well as environmental and social benefits could also be predictable [1] . Biomass is considered one of the most significant sources for producing thermal and electrical energy. Due to some disadvantages of biomass as; low density, difficulty of transportation and storage, makes the need to find fuels of higher density and hardness as pellets [2] . Biomass pellets are nowadays used in small-scale residential combustion units. Corrosion problems in combustion devices consider the main problem of using biomass pellets because of sulfur and chlorine contents in the pellet. Ignition and combustion of biomass composed of a group of complex physical and chemical processes and the ignition consider the initial main stage of combustion [3] . It was found that the rate of volatile releasing during the combustion of a large size particle depends on distribution of temperature because the pyrolysis process depends on the mechanisms of heat transfer [4] . During the devolatization process a biomass mass loss occurs rapidly, this lets it ignite faster at low temperature compared to the coal. The temperature of solid and gas phases is not the same during the combustion of solid fuel. So, there is a temperature deviation that leads to the transfer of heat between the two phases [5] [6] . When pellets are heated, temperature gradients are set up in it. As heat propagates into the pellet, moisture is evaporated and when the pellet surface becomes enough hot, a thermal decomposition process takes place which known as pyrolysis. The gaseous volatile released during the thermal decomposition reacts with the oxidant leaving a residual char. As the surface of the pellet becomes hotter, more volatiles released from inside the pellet leading to an extra devolatization [3] . The char layer that is left behind undergoes heterogeneous combustion releasing heat (char combustion). Gaseous emissions from biomass combustion are almost depends upon the properties of biomass and the operating conditions in the combustion devices. Reducing the gas emissions become now the main target in the recent development of the biomass heating equipment [7] [8] . The combustion characteristics and environmental performance of pelletized hardwood of aspen such as emissions and slagging under different conditions has been studied by ref. [9] . A single wooden sphere pyrolysis and ignition exposed to a stream of hot air under different operating conditions has been investigated in ref. [10] . Impregnation of olive mill wastewater on dry biomasses and studying the impact on chemical properties and combustion performances has been investigated in ref. [11] .
Different work in a fixed bed combustor necessitate its steady-state operation, in order that models can be handled mathematically and may be verified experimentally [12] . Two fundamental scale parameters which used to analyze or compare the behavior of combustion of the different biomass fuels in the combustors are the devolatilization and char times. A kinetics data for biomass are usually determined by TG/DTG which aid in pyrolysis behavior inside the real combustors. Thermal decomposition and kinetic parameters under inert or oxidant atmosphere are investigated and determined for some biomass fuels in refs. [13] [14] . Physicochemical properties and thermal degradation characteristics of agro pellets from olive mill by-products/sawdust blends has been investigated in ref. [15] . Thermal analysis and devolatilization kinetics of the cotton stalk, sugar cane bagasse and shea meal under nitrogen and air atmospheres has been studied in ref. [16] .
The main gaseous emission characteristics of biomass fuel combustion such as CH4, CO2, CO, H2O, NOx and other hydrocarbons investigated both qualitatively and quantitatively in ref. [17] . NOx component is negligible compared to other gases in the fixed bed combustor as shown in ref. [18] . A severe decrease in O2 and a rise in CO2 and CO at the start of the combustion process is reported in ref. [19] . On the other hand, an intense decrease in CO2 and CO during char combustion is noticed in ref. [20] .
Slag, deposit formation, and emissions of fine particle are the main problems of producing ash of biomass combustion, which decrease the combustor performance is studied in ref. [21] . The mineral species which are commonly found in biomass will cause both erosion and abrasion problems [22] . The control of emission gas temperature and some additives can be used to reduce or prevent corrosion as reported in ref. [23] .
The object of this work is to study the combustion and emissions of wheat dust pellets with a chemical binder ] in a fixed bed combustor. The first part of this study focuses on using the TGA to study the combustion parameters and the apparent kinetics of wheat dust pellet and chemical binder (Epoxy1092) because the TGA results were very important to be determined before the beginning of actual combustion in the FBC. The second part of this article is studying the combustion behavior of the wheat dust pellet as the surface and central temperatures of the pellet, the time dependent mass loss rates of pellet, emission characteristics of the pellet as well as a simple combustion ash analysis are recorded to achieve maximum temperatures at the pellet surface, the maximum char combustion time and total fuel combustion time. Correlations between the input parameters and the combustion parameters using the data fit methods will be presented.
EXPERIMENTS

Pellet Preparation
Wheat dust samples were collected from local farms in Egypt at Al-Sahrkia Governate. The wheat was harvested in May 2016 and the wheat dust was sun dried for 3 days to reduce the moisture. The small, elongated pieces of wheat dust samples were entered the milling machine which has 3 hammer knives and electric power 1.84 kW, to produce the fine powders. The particle mean diameter and its standard deviation are 0.467mm and 0.277mm, respectively from sieving and statistical analysis. The wheat dust powder is mixed with 40% binder (Epoxy 1092). Epoxy consists of resin Araldite PY 1092-1 (100 part by weight) and hardener HY 1092 (50 part by weight). The viscosity of the two parts is 0.4 Pa.s at 25 o C, density (g/cm3) at 25 o C is 1.15 and 1.0 for the two parts, respectively. The reasons of addition binder [epoxy 1092] during production of pellets: excellent mechanical properties as this binder increases the durability and hardness of pellet which make pellet easy for handling and transporting, low cost, excellent chemical resistance, very good processing properties and low viscosity of the system which facilitates its manual application when we mix the binder and wheat dust powder. Then, the mixture of [wheat dust and binder] is inserted into a mold and compressed by a hydraulic pressing unit at pressure 15 bar and kept in 60 sec. This hydraulic pressing unit consists of a hydraulic pump and a piston connected to the upper moving crosshead of this unit. Cylindrical molds (of different dimensions) 42 mm long and 18, 10 mm in diameter (D1, D2) respectively, and hexagonal die with side length = 6 mm and 42 mm long (D3) were used in this study. The dies were slip fit into a base made of stainless steel with a bore matching the die outer diameter. This base supported the complete structure and also allowed the piston to move upright down without any lateral movement during the process of compression. The weights of wheat dust pellets are (15.3mg±0.65%) for cylindrical pellet with diameter 18mm and length 42mm, (10mg±1.00%) for cylindrical pellet with diameter 10mm and length 42mm and (7.8mg±1.28%) for hexagonal pellet with diameter 18mm and long 42mm. 
Proximate and ultimate analyses of fuel
Proximate analysis measurements were done by the TGA and the main elements of the biomass such as moisture content, volatile matter, ash and fixed carbon are given in 
TGA experiments
Thermogravimetric analyses (TGA) experiments were performed by a thermal analyzer (Shimadzu TGA-50). All experiments were conducted under atmospheric pressure, the temperature range is from ambient to 1000°C and a heating rate of (30) Kmin -1 under a nitrogen flow rate of 30 ml min -1 and the gas supply was controlled by calibrated volume flow meters. Limited by the size of the sample pan, the pellet was broken into small parts using a razor blade manually, a small mass approximately 2.15mg for raw wheat dust, 13.56 mg for wheat dust pellet and 6.70 mg for epoxy 1092 were used for TG tests. The simultaneous mass loss and temperature data were obtained. These data were used to determine the kinetic parameters as activation energy, frequency factor, and reaction order as we will see later.
Combustion characteristic parameters
A series of important combustion parameters and their indices for wheat dust pellet and epoxy 1092, were defined from TG/DTG profiles and then calculated. These parameters include ignition temperature (Ti); which defined as the temperature at which a sudden decrease in mass loss on the DTG curve occurred. The ignition index (Di); defines how fast the fuel is ignited. Also, other parameters as maximum combustion rate (Vmax) (i.e. the maximum of the mass-loss rate during the combustion process) and its corresponding temperature (Tmax), average combustion rate (Vmean), burnout temperature (Tf); which defined as the temperature at which the mass-loss rate is smaller than -0.01mg min -1 and its corresponding burnout index (Df), and the combustion characteristic index (S) [24] [25] . The ignition index (Di) is determined by the following equation:
where: tp and ti are the corresponding time of the maximum combustion rate and ignition temperature, respectively. The man combustion rate (Vmean) represents the mean mass loss rate during the entire combustion process, and it is determined by the following equation:
where: (m1) is the mass of the sample at ignition temperature (Ti), (m2) is the mass of the sample at a burnout temperature (Tf), and (t) is the time zone from Ti to Tf. Also, the burnout index is used to evaluate the burnout performance, which can be described as follows [26] :
where: Δt1/2 is the time zone of (dw/dt) Vmax = 1/2 and tf is the burnout time. The combustion characteristic index (S) can be determined by the following equation [27] [28] :
Kinetic parameters estimation
Generally, the thermal decomposition of biomass is expressed by the following equation:
where f(α): A function, the type of which depends on the reaction mechanism. α : The degree of conversion and is normalized form of weight loss data of decomposed sample and is defined by the expression:
where mi: The initial mass of the sample, mg. mf: The final mass of the sample, mg. mt: The sample mass at temperature T, mg. k, is the temperature dependent rate constant, usually described by Arrhenius equation as:
where A: The pre-exponential or frequency factor, min -1 , Ea: The activation energy of the decomposition reaction, (kJ mol -1 ), R: The universal gas constant (8.314 kJ mol −1 K −1 ), T: The absolute temperature, K. Inserting an Eq. (7) in Eq. (5) gives;
According to the uniform kinetics of the reaction, f(α) can be defined as
where n: The order of reaction. Substituting an expression (9) into the Eq. (8) gives the expression of reaction rate in the form
In non-isothermal TGA experiments, the heating rate vary as a function of time
For non-isothermal measurements with a linear heating rate, β = dT dt , Eq. (11) can be rewritten as
Hence Eq. (12) can be rewritten in the final form as
α can be obtained by taking the first derivative of Eq. (6) as:
So, the Eq. (14) expresses the fraction of material consumed in the given time. In this work the activation energy was obtained from the non-isothermal TGA. Several methods can be used to estimate kinetic parameters and one of them is Coats-Redfern method [29] . The following equations are used for this analysis:
Since the term 2 <<1, so Eq. (15) becomes:
The same notations Y and X can be used also in Eqs. (16) 
Plots of Y versus X are obtained at various values of n, to determine the correct reaction order. All the data obtained at different values of (n) were fitted and the best-fit regression line that has the highest value of the correlation coefficient (R 2 ) was determined. The slope of the fitted straight line of the plot represents − , which can be used to evaluate the activation energy. The frequency factor can be determined from the intercept of the line with the vertical axis.
Ignition and combustion experiments in the fixed bed combustor
The experimental setup schematic diagram used in this work is illustrated in figure 2 . The setup consists of : (a) a series of three modular components, these components were made up of a thick steel sheet and connected through flanges and each component contains two parallel heaters of 1.0 kW to adjust air temperature entering the fixed bed combustor and switched according to the temperature required, (b) a combustion chamber (90 cm long and 30 cm inner diameter) that was placed vertically, (c) stationary calibrated thermocouples (type K) were fixed at pellet surface, pellet center, and near the top and bottom surfaces of the pellet which they used to measure gas temperature and these thermocouples were connected to a multichannel digital data logging thermometer [TM-747DU of accuracy ±0.1%+0.7
o C] that was connected to a computer, (d) a balance has a readability of 0.1g and can measure up to 2000 g made by BROTHER is placed on a well-insulated stable board below the combustor. It is completely separated from the combustor so that its movements and vibrations do not interfere with balance measurements, (e) a gas analyzer IMR 3000P is used to measure the temperature and concentrations of gaseous emissions as O2, CO and CO2, with measurement errors of: O2, ±0.1 vol. %; CO, ±0.0001 vol. %; and CO2, ±0.1 vol. %, (g) an air distributed plate that constructed from perforated steel plate in a definite geometric pattern and it is positioned at the entrance of the combustor test section. The distributed plate of 32mm outer diameter had 52 holes (each about 3mm in diameter) and it is used to provide a uniform air distribution inside the combustor. The pellet is located in the center of the combustor test section to be far away the velocity boundary layer. The combustor outer wall was insulated with ceramicfiber material of 100mm thick and covered from outside by 1-mm thick galvanized steel sheet. A time interval between pellet entering the furnace until it reached their designated position was approximately 0.4-0.8 s and the response time of the thermocouple is 0.5 s. A blower supplies air to the combustor and the velocity and pressure of the delivering air were monitored by air PVM100 micromanometer with accuracy ± 1% of reading ± 1 digit and pressure resolution 1 pa. The flowing air is preheated by the electric heaters, then passes to the bottom surface of the pellet as a forced flow to enhance mass and heat transfer between the solid and the gaseous phases. The pellet was inserted in the combustor test section when the air and wall temperature became almost steady after 2hr for a high air temperature to 1hr for a low air temperature. The measuring instruments were used to measure and record: the weight loss, the temperature changes on the surface, the temperature changes in the pellet center, and emission gases concentrations. The essential operating parameters in these experiments were selected according to the facilities of the experimental setup as follows: temperature ranges from 180-400 o C, air flow velocity ranges from 3. Table 2 . The Reynolds number (Red) is based on the cylinder's diameter, and the mean local velocity, Va, of the air around the pellet. The heat transfer coefficient was determined according to the correlation:
where: h (Wm
) is the heat transfer coefficient, ka (Wm
is the thermal conductivity of air, do is the diameter of the pellet and Red is the Reynolds number based on the pellet diameter. where Ta = air stream temperature, K.
Since the bottom surface area of the pellet subjected to the air flowing is considered small (no more than about 14 % of the initial surface area) during the experiments, the influence of changes in the flow momentum on the mass loss measurements is neglected. In the first stage of the pellet conversion, heat is transferred from the hot air to the surface of the pellet by convection and radiation. The heating up process continues until the pellet surface temperature reaches a certain value beyond which, the biomass starts to decompose into volatiles matters (e.g., H2O, CO, CO2, CH4) and char residue. Once gaseous species are formed, they move through the biomass solid bores to the pellet surface where they react with the hot air. On the other hand, this flow of volatiles will resist the oxygen diffusion to the pellet surface to react with the formed char during the pyrolysis process. So, the char combustion may or may not take place at the same time with devolatilization and homogeneous reactions near of the pellet. This ignition behavior can be defined as a "multistage" process, since it involves a primary heterogeneous ignition of pellet with a subsequent homogeneous ignition and combustion of volatiles.
DISCUSSION OF THE RESULTS
TGA analysis
TGA experiments were carried out to understand the thermochemical characteristics of the wheat dust pellet and epoxy 1092. Figure 3 shows TG/DTG profiles for both wheat dust pellet and epoxy1092. Drying is the first step where a biomass sample is exposed to high temperatures. During this stage, the temperature of the biomass increases, and once the layer of moisture in the sample reach the boiling temperature (100°C), all energy is used to evaporate water until the sample gets dry. The time required for heating is linearly dependent on the moisture content and quadratically on the sample size [32] . From the present results the water content for wheat dust pellet may be estimated to be about 4 wt. % owing to the observed mass loss below 200 o C. For the wet sample, the evaporation required more energy as moisture is concentrated in the material cell walls. This energy was taken from the inert gas, which in turn delayed the time at which volatiles released. These results run with that published by [33] . As the heating process proceeds where the temperature is around 260 to 300°C, chemical decomposition of biomass occurs [34] and this is called devolatilization stage. During the devolatilization stage, the organic structure of biomass decomposes. Both homogeneous and heterogeneous reactions occur during devolatilization stage. After volatiles release from the pellet, it will ignite homogeneously with atmospheric air. At some point, the surface temperature reaches the surrounding gas temperature and passes. Mass loss during devolatilization stage occurs at a high rate and the rate soon reaches a maximum, followed by a period of decreasing values. The sample loses almost 80% of its mass (depending on its volatile content) during this stage. The estimated contents of volatile matter are 76.2 wt. % for wheat dust pellet and 87.41 wt. % for epoxy 1092 at temperature ranged between 200 and 400 o C.
Volatile matters have a high reactivity, and it is nearly accompanied with ignition temperature. Most of the mass loss in the second region is due to the thermal breaking of weak bonds in the structure of the main compositions of the biomass. The last stage is char burning, which commences at around 400 to 600°C [34] when there are no volatile or moisture left in the sample. During this stage, char (a carbon rich solid residue), converts slowly to ash and carbon dioxide. Char burning occurs at much lower rates compared to previous stages of combustion. Char burning rate is mainly controlled by oxygen diffusion from the gas to the char surface, at which it reacts with char to form ash and carbon dioxide. The fixed carbon can be estimated to be about 10.8 wt. % for pellets and 8.31wt. % for epoxy1092 at temperature ranged between 400 and 600 o C. The content of the ash, where the reaction process is almost ended, is approximated about 9.1wt. % for wheat dust pellets and 4.28wt. % for epoxy 1092. The TGA results were very important to be determined before the beginning of actual combustion in the fixed bed combustor. Because the startup temperature at which the air introduced to the combustor was determined based on the values of temperatures at which the devolatilization and hemicelluloses decomposition occurred for pellet. The startup air temperature in real combustors was taken above the temperature at which the moisture releases [35] [36] . The minimum value of startup temperature was taken above 200 o C to help the volatile matter to release easily from material and increase the reaction rate of the char formed after volatile release, which in turn increases the hemicellulose decomposition rate. The Ignition temperature of wheat dust pellet and the binder is 138 o C, 207.9 o C, respectively. The lower the ignition temperature is, the better combustion reactivity of the pellet. The peak temperature on the DTG curve is equal 398.1 o C, 355.97 o C for wheat dust pellet and epoxy1092, respectively. The peak temperature is a measure of fuel reactivity (at the maximum rate of weight loss (dm/dt) max) due to volatilization accompanied by the formation of carbonaceous residue. Burnout temperature is equal 705 o C, 574.14 o C for wheat dust pellet and epoxy1092, respectively. High burnout temperature shows that pellet burning will be more difficult and needs longer residence time and a higher temperature to reach complete combustion. The ignition time of wheat dust pellet and epoxy 1092 is 4 and 2 min, respectively, the time to reach a maximum combustion rate of wheat dust pellet and epoxy 1092 is 12.73 and 6.01 min, respectively, but the burnout time of wheat dust pellet and epoxy 1092 is 23 and 15 min respectively. The ignition index of wheat dust pellet and epoxy1092 is 80.23×10 . The larger the ignition index and the burnout index are, the higher the combustion activity of fuel. The calculated combustion characteristic parameters are listed in table 3. The integral method as explained before is used to determine (n), (Ea), and (A) of the tested material. Kinetics of biomass are classified
values can be determined from the slope and intercept of the best fit straight line whose the highest correlation coefficient R 2 , respectively. The plots showed good linearity of the data with high value of the regression coefficient (R 2 ) which is mainly above 90%. Table 4 presents the kinetic parameters values of both wheat dust pellet and epoxy 1092. Generally, activation energy and pre-exponential factor values of wheat dust pellet are lower compared to those values of epoxy 1092. This deviation in activation energy could be caused by the influence of heat transfer at high temperatures, these kinetic parameters may help the development of the conversion of these abundant biomasses into energy. In fact, the obtained values from the kinetic study are useful for the configuration and the designing of the suitable reactor. Figure 5 . Combustion behavior of wheat dust pellet with time Figure 5 shows the combustion behavior of wheat dust pellet with time. After the pellet exposed to the high temperature air in the combustor, the biomass pellet is heated up creating a rise in its surface temperature. Then, the heat is transferred from the pellet surface to its center in by conduction, where the conductivity of wheat dust pellet is a function of temperature and solid residues such as char and ash. As the time increases, the ignition behavior has an orange glowing appeared on the bottom pellet surface. This orange glowing observed may be attributed to heterogeneous ignition which is characterized by a direct attack of preheated air on the pellet. Bright and high temperature spots appear on the pellet surface as the time increases. The wheat dust pellet little by little becomes darkened and finally turned into char black and gray smoke was observed by the naked eye during the volatile matters releasing. Combustion at the pellet surface was noticed at the bottom surface of the pellet, but no visible flame appeared in the gas phase during any of the experiments due to the large stretch rate near to the stagnation region. It is shown in figure 5 , as the pyrolysis process continues and volatiles releasing combustion proceed, the shape of the wheat dust pellet changes and the pellet was bending over itself in some cases. The physical properties of the produced pellet as porosity and surface area as well as the shape of the pellet char differ from those of the original pellet. The shape of the pellet char was observed more rounded than that of the original pellet because of the surface tension of the pellet that would let the pellet be partially melted or softened (deformed) during the combustion. Figures 6 (a-d) , 7 (a-d) and 8 (a-d) illustrate the combustion behavior of wheat dust pellets at a different starting air temperature. During combustion, the particular components of biomass such as cellulose, hemicelluloses and lignin decompose to form water, light gases such as CO2, CO, CH4, and char. It is known that the biomass mainly composed of hemi-cellulose, cellulose and lignin, which decompose at different temperature ranges of 225-325 o C, 305-375 o C and 250-500 o C, respectively [33] . Pellet ignition by means of the gaseous volatiles combustion also leads to a temperature increase in the pellet center. It can be seen from the figures that, after moisture evaporates at the begging, the devolatilization and sudden rise in temperature happens in a short period of the total combustion time. Nearly 40-50% of the total energy was released during the volatile gas combustion, and its mass loss rate is a slow process resulting in longer periods of combustion before the formation of ash and this is matched with previous works [37] [38] . As the quantity of volatiles released increases, the combustion process has improved. The char combustion does not occur on the surface of the pellet until the volatile combustion is nearly completed. Combustion process completion is signaled by a sudden decrease in the char temperature and no mass loss of fuel is noticed as shown in figures [6] [7] [8] . The volatile matter combustion time is larger than that of the char combustion time where the combustion of volatile matters requires 70% of the total combustion process time, while the combustion of char requires about 15% of the total combustion process time. From the combustion behavior of the pellet at the surface and center, we can observe that the temperature inside the pellet is lower than that of the surface temperature with a gap ranged between 20 to 40 o C at starting of ignition between them. This means that during the ignition; the temperature inside the pellet is still cold, the temperature distribution inside the pellet will be more constant and no reaction happens there yet, while the outside of the pellet can be high already. In this work, the internal ignition temperature of biomass pellets was also measured and recorded. Although there is a certain temperature gradient with the particle surface, their temperature change trend is similar as reported in refs [39] [40] [41] [42] who confirmed this phenomenon. The value of internal ignition temperature was obtained according to figure 9. The heterogeneous ignition theory also suggested that the internal ignition temperature depended on the starting air temperature [37] . o C], the wheat dust pellet is heated for a long duration time for different sizes and shapes. The effect of starting air temperature on the combustion parameters of D1, D2 and D3 are shown in figures [10 (a, b and c) ]. The pellet surface temperature is important during biomass combustion because it determines the amount of heat flux conducting from the pellet surface into its center, and so governs the drying and devolatilization processes along its radius [43] . As air temperature increased, the interior molecules gained sufficient kinetic energy that increased its velocity and broke chemical bonds, which in turn increased the frequency factor. So, the rate of collision and the chemical reaction rate increased. It is shown that as the starting air temperature increases from 180-400 o C, a decrease in the devolatilization time is occurring for different sizes and shapes as shown in Table 5 . Devolatilization proceeds less when the start up temperature increases, which may be referred to a more rapid internal heat transfer that increase the rate of devolatilization reactions [44] . Similar behavior was seen by [45] during combustion of coal and wood pellets. The results also showed that, increasing the starting air temperature from 180-400 o C, leads to a reduction in char combustion time for different sizes and shapes. One can see that as the starting air temperature increases from 180 o C to 400 o C, the devolatilization temperatures during the combustion increase for different sizes and shapes as shown in Table 5 . This behavior was expected, since the enhanced heat transfer due to the hotter surroundings accelerates the reaction rate of the combustion process. As the starting air temperature increases, the maximum combustion temperatures increase for different sizes and shapes as shown in Table 5 . The maximum combustion temperature will affect on cellulose, hemicelluloses and lignin composition. As the starting temperature increases, the time needed to reach the maximum temperature decreases from 45.57min to 30.37min for D1, from 44.8min to 30.75min for D2 and from 30.25min to 20.2min for D3. It is also noticed that as the starting air temperature increases, the ash temperatures of pellets during the combustion increase for different sizes and shapes as shown in Table 5 . The ash temperature will effect on ash composition that will effect on fouling and slagging index. As the starting air temperature increases, the ash % decreases for different sizes and shapes as shown in Table 5 . Moreover, ash can also has an important effect on pellet surface heat transfer and also affect the oxygen diffusion to the pellet surface during char combustion.
The results show that the rate of increase in the pellet surface temperature increases with increasing air starting temperature and the rate of mass loss rises shortly before ignition. This temperature rise reaches to 2-4% during the devolatilization stage where almost 70% of the pellet mass is converted to gas in a very low time period. The remaining char combustion process is still happening until the total biomass pellet conversion is accomplished and a sharp decrease in the production of combustible gases CO and CO2 from the pellet is noticed. At air temperature 400 o C, more rate of mass loss was recorded at the moment of ignition compared to other air temperatures and sometimes at this high temperature the pellet breaks down. The pellet overheats so quickly with high air temperature so that the volatiles emitted from the pellet surface are decomposed and the evaporation of these volatiles becomes possible from the deeper layers of the pellet [46] [47] . In these experiments, the internal ignition temperature of biomass pellets was measured. From a comparison of the total combustion rate of D1, D2 and D3, we can notice that as the staring air temperature increases, the combustion rate increases from 1 to 1.61 (mg m ) for D3. It can be noticed that the hexagonal pellet has the so lower combustion rate compared to the other pellets because of its geometry and the heat and flow conditions. Figure 11 shows the effect of air velocity on the combustion process of the pellet D1 at 400 o C. Heat is transmitted by two methods; conduction inside the pellet, convection and radiation from surrounding to the pellet surface. So, higher air velocities enhance both heat and mass transfer between air and pellet. When the air velocity becomes high, the heat transfer coefficient also becomes high and so the heat transfer monotonically increases. The results showed that in the high air velocity 4.2m s -1 , the pellet heating process takes a short duration that reaches to 46 min. On the other hand, in the lower air velocity 3.2 m s -1 , the pellet heating process takes a long duration that reaches to 60 min. The increase in the primary air velocity from 3. Devolatilization and char proceeds less when the air velocity increases, which may be referred to a more rapid internal heat transfer because the heat transfer coefficient is high that increase the rate of devolatilization and char reactions. As the Increases in air velocity lead to a decreasing in combustion times, char combustion times, fuel ignition temperatures and the amount of ash while the amount of volatiles evaporating from pellets and combustion rate increase. This results are matched with other works [48, 41] . Figure 11 . The effect of staring air velocity on combustion parameters
Effect of air velocity on the combustion characteristics
air velocity increases, the devolatilization temperature increases from 408.7 o C ±1.1 o C to 415.3 o C±1.12 o C and the maximum temperature increases from 470.3 o C±1.2 o C to 483.
Effect of pellet size on the combustion characteristics
The pellet shape and size have a considerable effect on conduction, convection and radiation heat transfer mechanisms and on the char combustion and ash formation rate as shown in refs. [42, [49] [50] [51] [52] . As shown in the previous work, the pellet size may affect the thermal history of the biomass pellet [53] [54] . At the beginning of devolatilization process, small sizes are completely dried compared to larger sizes, which still contain some moisture. Since devolatilization rate is affected by the amount of heat transferred to the pellet, the remaining moisture in the larger sizes slows the heat transfer within them. So the intensity of devolatilization is greater for smaller sizes and volatiles are released from small sizes at a higher rate. For small sizes, the combustion stages as drying, devolatilization, and char burning occur sequentially, while for larger sizes, there is an overlap between drying and devolatilization stages. The effect of pellet size on the ignition behavior of the wheat dust pellet at a different starting air temperature was experimentally investigated. As shown in table 5 at the high diameter D1, the wheat dust pellet is heated for a long duration time. On the other hand, in the small diameter D3, the wheat dust pellet is heated for a short duration time as the heat transfer resistance increases with the increase in pellet diameter. The decrease in diameter of pellets from 18 to 6 mm leads to a reduction in the devolatilization time at the different startup air temperatures. The decrease in diameter of pellets from 18 to 6 mm leads to reduction in char time at the different startup air temperatures. Devolatilization and char proceed less when the diameter of pellet decreases, which may be referred to a more rapid internal heat transfer which increases the rate of devolatilization and char reactions. The produced char also depends on the size; it becomes higher for larger pellets compared to the smaller pellets. The decrease in diameter of pellets from 18 to 6 mm leads to a reduction in % ash at the different startup air temperatures. This behavior was expected, since the enhanced heat transfer for pellet lower diameters accelerates reaction rate of the combustion process. Correlations between the input parameters such as starting air temperature, pellet size, and the combustion parameters such as ignition time, ignition temperature, char time and char temperature as given in eqs. (19) (20) (21) (22) From these analyses we can obtain the following important obseravations: (a) the pellet size effects the combustion process more than the pellet composition itself, (b) a pellet thick heated layer is established with the low air temperature because of long heating time, whereas a pellet thin heated layer is established with the high air temperature because of a quick heating (short period), (c) increases in air velocity leads to a reduction in combustion time, char combustion time, and an increasing in ignition temperature and peak temperature, and (d) Regarding to environment aspects and residence time required for pellet combustion, optimization conditions of the combustion process is required. Considering that lowest ignition temperature, lowest pellet surface temperature, shortest ignition time, and longer time required for the combustion process were selected, hexagonal pellet is the best shape of combustion according to these conditions in this study. 
Correlations of ignition time and ignition temperature using analytical solutions
Coupling of the mathematical model and numerical simulation is used to earning a better understanding of the thermal decomposition of biomass pellet in a fixed-bed combustor. Considering that the mass loss rate before pellet ignition is the summation of the pyrolysis rate and the evaporation of moisture rate, the mass loss rate equation can be put in the following form:
The rate of pyrolysis ̇ is described by a first order step with Arrhenius kinetics. The char's density, ρc, is set to be 0.2ρs. The rate of evaporation of moisture, ̇, is written in the form used in [4] . Rm is the radius of evaporation front, δ(r − Rm) is the Dirac delta function, and Cm is the moisture content. The energy balance for the solid fuel can be described generally as follows:
where: Δhp and Δhm in Eq. (24) are the pyrolysis and evaporation of water heats, respectively. The Δhg: is the volatile matter average enthalpy. Assuming a thermal equilibrium between the gas and the solid inside the pellet and ignition usually occurs on the pellet lower half that facing the hot air, Eq. (24) is considered as a one-dimensional energy balance of a pellet. A one-dimensional model may be used along the cylindrical combustors centerline, however, different assumptions have been considered during the modeling process. These common simplifications are: (a) The solid phase is considered as a homogeneous medium; (b) All solid fuels consist of: water, moisture, volatiles, char and ash; (c) Gas flow is incompressible and the fuel and gases are idealized as a plug flow; (d) Pressure drop along the bed can be neglected. Considering that the gas can only flow in the vertical direction and the one-dimensional conduction of heat in a semi infinite solid exposed to the heat flux, ′′ , gives an ignition time in the following form [55] : The heat of pyrolysis and the pellet size effect are ignored in Equation (25) . For a single pellet ignited in a hot air stream a heat flux q′′ = h (TaTo). The predictions obtained from the present model are in a good agreement with the experimental results of the surface pellet temperature measurements, but failed to predict correctly the experimental results of the center pellet temperature measurements. Pyrolysis rates for biofuels have been studied extensively, and numerous models have been constructed. Of particular interest are the data developed by ref. [56] , where the total pyrolysis time as a function of pellet diameter and pyrolysis temperature is given in the following form: t ig,theortical,2 = 421.5 + (0.779 × D 2 ) − (0.457 × T) (26) where t ig,theoretical,2 is expressed in seconds, D is pellet diameter expressed in millimeters (mm), T is pyrolysis temperature expressed in °C, the coefficient of determination (R 2 ) associated with equation (26) is 0.93. The predictions obtained with t ig,theoretical,2 are in a good agreement with the experimental results of small size pellet and high air temperature, but failed to predict correctly the experimental results of pellet (D1) and low air temperature as shown in figure 13 .
(D1) (D2) (D3) Figure 13 . Comparison between the ignition time from the present experimental work and theoretical models correlations for D1, D2 and D3 Figures 14 (a-c) show the emissions from the combustion of wheat dust pellet in the fixed bed combustor. The combustion reaction starts after fuel drying and condenses gradually after 3 min; accordingly, CO and CO2 concentration increases, and reaches their maximum values after about 30 to 40min. The CO2 formation at low temperatures was mainly due to the cracking and reforming of C=O and COOH functional groups, but the formation of CO may be due to the cracking of carbonyl (C-O-C) and carboxyl (C=O) groups [10] . Since the biomass ignition temperature is low, the devolatilization process leads to incomplete combustion and increased pollutant emissions. Most emissions from the ignition and combustion of wheat dust pellet depend on the starting air temperature, the air velocities and pellet diameter. The emissions of wheat dust pellet at different operating conditions are given in Figures 14(a-c) . As shown in figure 15 , as the air temperature that enters the combustor increases, the values of surface pellet temperature increase. This increasing in temperature, led to an increase in the amount of CO2 due to complete combustion that reached its maximum value about 20.3 vol.% ±0.49% at 400 o C for all sizes. Because the temperature is high enough to let the evolved CO reacts with oxygen to form CO2. The increase in the amount of CO2 and the decrease of CO may be occurring because the rate of collision and the chemical reaction rate increased with increasing the bed temperature and this is can be concluded from the oxygen concentration reduction in that region. As the heating time increases, the CO concentration increases from 11 ppm to 35ppm for D1, from 13ppm to 60ppm for D2 and from 0 ppm to 15ppm for D3. The trend of the gas emissions is matched with the work done in refs. [57] [58] . The sulfur content in the composition of the materials is traced, so the concentration of SO2 and H2S is also traced. The CO and CO2 emissions concentration percentage can be used to evaluate the combustion efficiency of biomass pellets inside the fixed bed combustors, so the combustion efficiency of the combustion process under different operating conditions inside the combustor can be determined from the following equation:
The gaseous emissions
However, is not sensitive to low CO concentrations, which are usually in the combustion processes that are typically involved in this type of experiments. It was found that the combustion efficiency ranged between 99% and 100% and it reaches to 100% in some experiments. As discussed before, the surface pellet temperature increases with increasing the air temperature. This increased in the pellet temperature increased the amount of CO2, but decreased the amount of CO produced. According to these obtained values of CO2 and CO, the combustion efficiency increased. The results indicate that hexagonal pellets burn quickly in the combustion chamber leading to a high combustion efficiency and leads to highest CO2 concentration. In contrast, D1 for wheat dust pellets have the highest CO concentration of 60 ppm at 180 o C and 8.7% O2. 
CONCLUSIONS
Combustion of wheat dust pellets of different sizes in a fixed bed combustor was studied under different operating conditions such as air temperature, pellet size and air velocity and the following conclusions can be derived as follows:
• Wheat dust pellet has lower activation energy and pre-exponential compared to the values of epoxy 1092.
• The ignition time, the maximum combustion rate time and burnt temperature of epoxy 1092 are lower than those of wheat dust pellet. The ignition index, burnt index and activation energy of epoxy 1092 are higher than those of wheat dust pellet.
• As air temperature and air velocity increases, the combustion rate increases and devolatilization and char times decrease.
• The decrease in diameter of pellets from 18 mm to 6 mm, leads to an increase in the combustion rate and a decrease in devolatilization and char times.
• It was concluded from the results that, a hexagonal pellet is the best shape for combustion under the investigated conditions and parameters due to its lowest ignition temperature, lowest surface temperature, shortest ignition time, and longest time required for combustion.
• The predictions obtained from mathematical models are in good agreement with the experimental results of pellet surface temperature measurements, but failed to predict correctly the experimental results at the pellet center temperature measurements.
• The formation of CO2 increases with increasing the air temperature and air velocity inside the combustor.
•
It was found that the combustion efficiency ranged between 99% and100%.
The slagging index value of wheat dust pellets is 0.72 which indicates that this material has a medium slagging tendency and regarding to the fouling inclination, wheat dust pellet can be classified as a relatively high fouling inclination fuel.
